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The unique functions of the
nervous system depend on the
rapid transfer of signals at
synaptic junctions. The basic
principles of this transfer are
common to all synapses:
electrical excitation of the pre-
synaptic neuron causes calcium
influx to trigger fusion with the
presynaptic cell membrane of
synaptic vesicles loaded with
neurotransmitter, and the
released neurotransmitter
molecules then cause excitation
or inhibition of the post-synaptic
neuron. But there are large
variations in the structure and
function of synapses in different
parts of the nervous system,
reflecting variations in the speed,
frequency and reliability with
which signals are transferred. The
synapses that transfer signals
from sensory neurons involved in
vision and hearing have a
particularly striking specialization
called a ‘ribbon’ or dense-body.
Vesicles attach to the ribbon by
short filaments, and the ribbon
itself is anchored to the active
zone — the site on the
presynaptic membrane where
calcium channels are located and
vesicles fuse [1,2].
The occurrence of ribbons in
sensory neurons goes hand-in-
hand with the type of electrical
signal they transmit. In most parts
of the brain, synapses convey
electrical information arriving as a
‘pulse code’; action potentials
lasting a few milliseconds trigger
a rapid and transient burst of
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Ribbon Synapses: Anchors away
for a Fishy Tale
Genetic screens in flies and worms have long been a powerful way of
identifying proteins that regulate synaptic transmission. A recent study
of ribbon synapses in the retina of zebrafish is an excellent example of
how this approach can now be applied to a vertebrate species.
Figure 1.
(A) A larval zebrafish 5 days old (Copyright Dr P. Goldsmith). (B) Testing the optokinetic
reflex. The embryonic fish is placed in a container filled with 3% methyl cellulose, which
is viscous enough to prevent the fish swimming. A striped drum is rotated around the
fish. A typical response is a smooth pursuit movement of the eyes followed by fast sac-
cadic movement. The direction and frequency of this optokinetic response correspond
to the direction and speed of stripe movement. (Adapted from [13].)
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vesicle fusion and the amplitude
of the action potential is fixed.
This frequency code reliably
transmits information over long
distances. But ribbon synapses
transmit ‘analog signals’, such as
the intensity of light or sound; the
amplitude of the electrical signal
varies continuously and so does
the rate at which synaptic
vesicles fuse to release
neurotransmitter. Several ribbon
synapses have now been shown
to be capable of supporting a
slow and continuous mode of
exocytosis in response to a
maintained stimulus [3,4]. It is not
yet clear exactly how the ribbon
helps support continuous
exocytosis, but it is likely to
capture vesicles from the
cytoplasm and then transport
them to release sites on the
surface membrane [5]. To prevent
the supply of vesicles inside the
terminal from running down,
endocytosis is efficient and
balances exocytosis over time-
scales of tens of seconds or
more [4].
Many synapses in the retina
undergo dramatic changes in
activity during the daily light/dark
cycle and these often correlate
with changes in the structure of
connections, such as the shape
of ribbons and the number that
are anchored to the surface
membrane. In mice, these forms
of structural plasticity are driven
directly by light and probably play
a role in adapting the retinal
circuit to operate under different
levels of illumination [6,7]. The
making and breaking of synaptic
connections is even more obvious
in the retina of fish, where they
can also be controlled by a
circadian rhythm intrinsic to the
retina, probably involving the
release of melatonin [8]. The
removal of ribbons from the
active zone of sensory neurons
represents an intriguing form of
synaptic plasticity, but we have
little information about how this
process is regulated.
One protein that plays an
important role in the anchoring of
ribbons is Bassoon, which is also
found at the active zone of
conventional synapses [9].
Bassoon is several thousand
amino acids long and was
originally suggested to form part
of the ‘scaffolding’ that organizes
vesicles and other structures at
the active zone. Consistent with
this idea, mice deficient in
functional Bassoon protein have
rod and cone photoreceptors in
which ribbons are no longer
anchored to the presynaptic
membrane [10]. But conventional
synapses, such as those formed
by hippocampal neurons, appear
normal in Bassoon mutants [11].
This is not to say that the
terminals function normally; about
half of excitatory synapses are
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Figure 2.
(A,B) Electron micrographs of wild-type retinas. Synaptic ribbons (R) are associated
with the presynaptic membrane of cone photoreceptors. Bipolar and horizontal cell
processes (H) invaginate the terminal in a tight bundle (arrow). (B) Synaptic vesicles
(V) surround the synaptic ribbons (R). (C) In a nrc retina, synaptic ribbons (R) in
terminals are floating in the cytoplasm rather than associated with the presynaptic
membrane. Few postsynaptic processes invaginate the pedicles. Synaptic vesicles (V)
often clump and fail to distribute evenly in the pedicle. Scale bar, 0.5 µm.
(D) Synapses formed by cultured neurons from the cortex of wild-type mice. Vesicles
labeled with HRP appear black. (E) In synaptojanin-deficient nerve terminals, there is
an accumulation of labeled and unlabeled clathrin-coated vesicles (circled). (A–C)
reproduced with permission from [8]; (D,E) reproduced with permission from [17].
‘silent’ and do not support
exocytosis. It therefore seems
that the role of Bassoon at
conventional synapses might be
less to do with the structural
organization of the synapse and
more to do with the processes
that ‘prime’ vesicles for release. 
A second intriguing example of
a protein that regulates a step in
the vesicle cycle and is involved
in anchoring ribbons has recently
been uncovered by forward
genetics using zebrafish. The
protein is synaptojanin, a
polyphosphoinositide
phosphatase which regulates
clathrin-mediated endocytosis at
the synapse of neurons
throughout the nervous system.
In 2001, John Dowling’s group
[8] described a recessive
mutation, no optokinetic response
(nrc), that affects vision in
zebrafish and correlates with
detachment of ribbons from the
active zone in cone
photoreceptors. Zebrafish are a
very useful organism for studying
vision, allowing a combination of
the methods of anatomy,
physiology, genetics and behavior
[12,13]. They can be mutagenized
efficiently and develop rapidly
and simple screens have been
devised that allow detection of
recessive mutations affecting
vision. One screen tests the
optokinetic reflex  in larvae about
5–7 days after fertilization (Figure
1A). The optokinetic reflex is
assessed by passing stripes in
front of larvae; normally the eyes
of the fish follow the stripes with
a smooth pursuit movement,
followed by quick return to the
starting position and repetition of
the pursuit (Figure 1B). 
The nrc mutant was identified
in such a screen and is
completely blind [8]. A fault with
signal transmission from
photoreceptors to second-order
neurons — horizontal cells and
bipolar cells — was indicated by
measuring the electroretinogram,
a field potential arising from the
outer retina. Electron microscopy
of the nrc mutant then revealed
two gross abnormalities of
synaptic terminals of cone
photoreceptors; these rarely
made contact with the processes
of bipolar cells, and ribbons were
found floating in the cytoplasm
rather than anchored to the
presynaptic membrane (Figure
2A–C). This defect was only
apparent at the ribbon synapse of
photoreceptors; the ribbon
synapses of bipolar cells
appeared normal.
Susan Brockerhoff and
colleagues [14] have now
identified the nrc mutation as a
premature stop codon in the
synaptojanin1 (synj1) gene, which
encodes a phosphoinositide
phosphatase. To confirm this,
they sought to work in the
opposite direction, from the gene
to its function. Targeted gene
knockouts are not yet possible in
zebrafish, so another very elegant
approach was used, the injection
of morpholinos. A morpholino is
an antisense oligonucletide that
blocks translation of a target
gene; they are more stable than
standard oligonucleotides
because the genetic bases (A, C,
G and T) are linked to a six-
membered morpholine ring. 
All the key aspects of the nrc
phenotype were reproduced by
injection of synj1 morpholinos,
including block of the optokinetic
reflex and detachment of ribbons
in photoreceptor synapses [14].
The role of synaptojanin in
regulating the anchoring of
ribbons could not be investigated
in mutant mice, because these
die shortly after birth, before
ribbon synapses develop [15].
It is not yet clear how
synaptojanin regulates the
anchoring of ribbons to active
zones. In Drosophila, forward
genetic screens of blind animals
has also led to the isolation of
synaptojanin mutants;
photoreceptor terminals contain
an accumulation of clathrin-
coated vesicles, while the
neuromuscular junction becomes
depleted of synaptic vesicles [16].
Accumulation of clathrin-coated
vesicles can also be seen in the
synaptic terminals of mice in
which synaptojanin1 has been
knocked out (Figure 2D,E) [15,17],
as well as in worms in which the
unc-26 homologue of
synaptojanin has been disrupted
[18]. Phosphoinositides in the
presynaptic membrane interact
with a number of proteins thought
to play a role in clathrin-mediated
retrieval, including endophilin,
epsin and synaptotagmin I
[18–20]. The last may be involved
in the recruitment of AP2, AP180
and clathrin during the formation
of a coated pit. It therefore seems
that synaptojanin is involved in
both the formation of clathrin-
coated vesicles and the removal
of the coat after vesicles have
been internalized.
A clue to the mechanism by
which synaptojanin regulates the
anchoring of ribbons in cone
photoreceptors must lie in the
observation that ribbons in retinal
bipolar cells of nrc mutants
appear normal, even though
synaptojanin is distributed
throughout the nervous system.
John Dowling suggests that this
difference might reflect the
unusual structure of the
‘invaginating’ synapses formed by
cone photoreceptors; the ribbons
in the cone are normally anchored
opposite dendrites of bipolar cells
and horizontal cells that penetrate
deeply into the terminal (Figure
2A and B), and these
invaginations are lost in the nrc
mutant (Figure 2C). Perhaps
defective endocytosis prevents
the invagination of post-synaptic
processes, leading to loss of the
specialized sites to which the
ribbons anchor.
Mutations in genes that affect
the function of the nervous
system are relatively easy to
screen for in flies and worms by
looking for phenotypes such as
blindness or paralysis, and these
species have provided many
important insights into proteins
affecting synaptic transmission
and other functions of the nervous
system. The work of John
Dowling, Susan Brockerhoff and
their collaborators demonstrates
how the zebrafish now provides a
vertebrate species in which
genetics can be used to study the
brain. This is significant because
neural circuits in fish resemble
those in humans much more
closely than the circuits in flies or
worms. The little zebrafish is
therefore likely to be an important
species in work linking genetics to
wider functions of the nervous
system, such as the senses of
sight or smell.
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